In wireless ad hoc networks, nodes communicate with each other using multihop routed transmission in which hop-by-hop cooperative diversity can be effectively employed. This paper proposes (i) two cooperation models for per-link cooperation (PLC) and per-node cooperation (PNC) for exploiting cooperative diversity in wireless ad hoc networks and (ii) a cooperative routing algorithm for the above models in which best relays are selected for cooperative transmission. First, two cooperation models for PLC and PNC are introduced and represented as an edge-weighted graph with effective link quality. Then, the proposed models are transformed into a simplified graph and a cooperative routing algorithm with O(n2) time is developed, where n is the number of nodes in the network. The effectiveness of the algorithm is confirmed for the two cooperation models using simulation.
To incorporate physical layer for cooperative diversity in wireless ad hoc networks, medium access control (MAC) mechanisms have been studied.
In the distributed automatic repeat request [14] , a source and cascaded relays simultaneously transmit the same data packet on a multihop routing path repeatedly until the source receives the correct acknowledgement from the destination. Cooperative MAC and routing protocols for wireless ad hoc networks are presented in [15] , but it is assumed that sender and receiver receive all control packets from each other without cooperation and directional knowledge on neighbors is necessary for routing. A MAC protocol to support multiple relays is introduced in [16] , but it has a short-1) To avoid getting confused, in this paper, source and destination denote the end-to-end nodes on a multihop path and sender and receiver denote the end nodes on a link.
coming that if the sender uses k relays, the receiver must have at least k relays. For transmission, multiple relays should be chosen and they transmit pilot tones in orthogonal channels either in time or in code to estimate channel state information (CSI).
Neighbor nodes are identified using 'hello' messages. More recently, a cooperative diversity MAC (CD-MAC), which exploits cooperative diversity via DSTC and can be implemented using the existing technologies such as IEEE 802.11, was proposed [17] .
In this paper, we propose two cooperation models for per-link cooperation (P LC) and per-node cooperation (P LC) for exploiting cooperative diversity in wireless ad hoc networks. Then, we simplify these models and develop a cooperative routing algorithm with best relay selection 2) This paper is a revised and extended version of [1] , in which some erroneous and inappropriate presentations are corrected, revised and extended significantly. In particular, system model is systematically reconstructed and performance evaluation is newly added for demonstrating the superiority of PLC and PNC.
The rest of the paper is constructed as follows: Section 2 examines the system model in question.
Section 3 presents two cooperation models for PLC and PNC to exploit cooperative diversity in the wireless ad hoc networks with arbitrary topology.
In Section 4, model transformation and cooperative 2) To achieve cooperative diversity, cooperative routing requires best relay selection in terms of link quality. routing are discussed. Section 5 discusses performance study including simulation environment and results. Finally, Section 6 offers conclusions.
SYSTEM MODEL
In wireless ad hoc networks, numerous nodes are spread over network area and communicate with each other using multihop routed transmission rather than direct connection. To exploit cooperative diversity for cooperative communication in wireless ad hoc networks, this study considers DSTC [18, 19] . A relay decodes symbols received from the sender and then re-encodes and transmits them again to the receiver together with the sender. DSTC is used to obtain transmission diversity in virtual MISO transmission from both sender and relay to the receiver. Even though more than one relay can be assigned to each transmission, it is suggested that selecting a single best relay is better in terms of maximizing capacity [20] [21] [22] . For simplicity, one relay per sender is assumed in this study. Every node has a half-duplex antenna and the channel between the nodes is symmetric with the same transmission power.
In a wireless ad hoc network with DSTC-based cooperative diversity, the sender transmits two symbols s1 and s2 to its relay in two consecutive time slots or symbol periods (in time slots i and i + 1 in Fig. 1 ), respectively. Note here that the sender-relay channel should be much more reliable than both sender-receiver and relay-receiver channels. The relay decodes the received symbols and re-encodes them for cooperative transmission.
Both the sender and the relay transmit their coded symbols based on DSTC simultaneously to the receiver in two consecutive time slots (in time slots i + 2 and i + 3 in Fig. 1 (6) where P r is the received power (signal strength) of the frame, P i stands for individual received power of other frames received by the receiver simultaneously, and N is the effective noise at the receiver.
TWO COOPERATION MODELS
In this section, two cooperation models for PLC and PNC are proposed and presented in terms of relay selection and link quality. They will be transformed into simplified models in the next section to derive a cooperative routing algorithm. In general, a relay is not always found for a link.
Per-Link Cooperation (PLC) Model
In case no relay is available for the link (u, v), no two-hop relaying path of link (u, v) is defined and, thus, w(u, r) = w(r, v) = 0 resulting in
Definition 2. The cooperatively combined quality of the link (u, v) and its best two-hop relaying
where N (u) and N (v) are the sets of u's and v's one-hop away neighbors, respectively. Definition 3. The path quality of a cooperative routing path i in P LC is 
and it can be used as a metric to find the cooperative routing path in a wireless ad hoc network. That is, among multiple possible paths, the cooperatively relaying path with the highest per-hop path quality should be the cooperative routing path. 
Per-Node Cooperation (PNC) Model
The new weight function w': E' → R represents the cooperatively combined quality of link in V(G) and its best two-hop relaying path(s), which can be obtained from the equations (7) and (8) 1.1: Equation (7) if model = PLC.
1.2: Equation (8) otherwise (if model = PNC).
2: Generate G' = (V, E ') with new weight (link quality) function w': E '→R from G.
3: Use the Dijkstra's shortest path algorithm with some modification of analogous operations; i.e., substituting (i) 'minimum' operation for 'sum' operation within a path and (ii) 'maximum' operation for 'minimum' operation among paths. 
has the best (or highest)
per-hop path quality and thus it is the cooperative routing path.
By investigating the cooperative routing path in the transformed graph G', we can deduce that it is analogous to the so-called shortest path problem [28] which is to find the shortest path from source to destination in an edge-weighted graph. Within a path, the 'minimum' operation of qualities on edges in our cooperative routing is analogous to the 'sum' operation of weights on edges in the shortest path problem. On the other hand, among the available paths, the 'maximum' operation of qualities on paths in the cooperative routing is analogous to the 'minimum' operation of weights on paths in the shortest path problem. Furthermore, computational complexity of the minimum, maximum and sum operations is the same. Therefore, the algorithm for finding the shortest path in an edge-weighted graph can be successfully used to find the cooperative routing path in G' with some modification of analogous operations. The typical algorithm to find the shortest path is D ijkstra's algorithm [28, 29] , which computes the shortest path in an edge-weighted graph in polynomial time. Proof. For every link (u, v) ∈ E(G), the second terms of the right-hand side in equations (7) and (8) by 'sum' operation, the right-hand side in equations (7) and (8) 
PERFORMANCE EVALUATION
In this section, the performance of the two proposed cooperation models for PLC and PNC is evaluated using ns-2 network simulator [30] . After introducing the simulation environment including parameters, simulation results are discussed. Note here that the superiority of PLC and PNC is systematically and quantitatively demonstrated in terms of network performance via extensive computer simulation.
Simulation Environment
To take bit error rate (BER) into consideration when determining the success or failure of the received signal, the ns-2 network simulator was modified as in [17] . This is based on three-step process: (1) compute SINR, (2) look up the BER-SINR curve to obtain BER, and (3) calculate frame error rate (FER) and determine whether to receive or drop the frame. More detailed information about the process can be found in [17] .
It is assumed that 50 mobile nodes move over a square area of 300 × 1500m Source-destination pairs are randomly selected.
Mobile nodes are assumed to move randomly according to the random waypoint model [31] Per-route goodput is the application level throughput which is sometimes given by the inverse of the averaged end-to-end data packet delay.
Simulation Results and Discussion
Simulation results comparing three models for PLC, PNC and no cooperation (NC) are presented in this subsection. where n is the number of nodes in the network.
According to computer simulation, the effective-ness of the proposed algorithm for both cooperation models was proved in a sample network.
The proposed cooperation models can be applied to further studies of cooperative diversity in wireless ad hoc networks. The proposed cooperative routing algorithm can be more efficient for static networks which are the case for most sensor network scenarios. However, it becomes more complicated in case the network supports node mobility because periodical update of graph model is needed.
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